H erpes simplex virus type 1 (HSV-1) is the prototype and best-studied virus of the ␣-herpesvirus group. HSV-1 undergoes a rapid productive replication cycle in host epithelial cells in vivo and in susceptible cultured cells in vitro. However, HSV-1 is also neurotropic and establishes life-long latent infections in the sensory neurons of the host, where the genome is in a nonreplicating chromatin-associated state (1) , and viral gene expression is largely repressed (2) . Although the mechanisms for the establishment of latency are poorly understood, reactivation requires an immediate early protein, termed ICP0, which is also required for efficient initiation of lytic infection (3) (4) (5) (6) (7) .
The 152-kb linear double-stranded HSV-1 genome is divided into long and short regions of unique sequences, termed U L and U S , which are bounded by regions of inverted repeats, termed internal repeats. The genome termini are bounded by regions of direct repeats, termed terminal repeats (Fig. 1) . Furthermore, the HSV-1 genome undergoes inversions that result from recombination events mediated by the viral DNA replication machinery, which yield four genomic isomers in equimolar amounts (8, 9) . In vivo, the HSV-1 genome has been found to exist in at least three different states: linear, circular, and concatemeric. In the virion, genomes are linear, but within hours after infection, end joining has been found to occur, resulting in ''endless genomes'' that have been interpreted to represent circles (10) (11) (12) . Although the mechanism of genome circularization has not been established, one model predicts that circularization may involve recombination of the terminal repeats, resulting in a replication mode for the initial round of replication (13) , providing the template for a rolling circle mode of replication (14) . Thus, genome circularization has been thought to be a prerequisite for viral DNA replication, although there is no direct proof for replication intermediates in vivo (15) . In this issue of PNAS, Jackson and DeLuca (16) provide strong evidence that genome circularization does not occur in productive infection but instead may occur during the establishment of latency. These authors determined that HSV-1 DNA circles are formed only in cells infected with viruses that do not express ICP0. Using Gardella gels to separate circular DNA molecules from linear genomes, Jackson and DeLuca did not observe circular genomes during productive infection or under conditions where genome replication was inhibited but ICP0 was expressed. Furthermore, using a mutant virus that is deleted for all immediate early genes (17) , which results in the complete absence of viral gene expression, only circular genomes persisted. This is a condition that mimics the latent state of the virus. Thus, circles were detected only under conditions where DNA replication was inhibited or impaired, which would eliminate circles as an obligatory template for HSV-1 DNA replication during lytic infection.
Previous studies that have reported ''endless'' DNA molecules concluded that these molecules represented circles or concatenated forms, because terminal restriction enzyme fragments, characteristic of linear molecules, were underrepresented relative to fragments arising from the joints (12) . Furthermore, in a study using pulsed-field gel electrophoresis, the authors concluded that ''well hybridization'' represented circles. However, these authors also stated it was possible that molecules other than circles might serve as the initial templates for HSV-1 replication (11) . Both the finding of endless genomes and the well hybridization observed in these studies are consistent with the formation of concatemeric molecules, which need not arise from circles. In fact, Jackson and DeLuca (16) also observed these replicative forms, which accumulated in the wells of the Gardella gels. These authors have postulated that genome replication may proceed from the three origins of HSV-1 DNA replication, oriL and two copies of oriS, to produce highly branched structures that might then be resolved by recombination or during packaging of viral DNA. Clearly, the results presented in this study warrant that other models of HSV-1 DNA replication be considered and tested.
One of the most intriguing aspects of the study by Jackson and DeLuca (16) is similarly bounded by a terminal repeat region (TR S) and an inverted internal repeat region (IRS). The three origins of DNA replication, oriL and two copies of oriS, are shown. Jackson and DeLuca (16) have shown that, in the absence of ICP0, the genome circularizes and persists. When ICP0 is expressed very early during infection, the genome replicates and both linear and concatemeric replication forms are detected. Thus, these authors suggest that ICP0 regulates circle formation, and that circle formation may lead to latency, whereas DNA replication during productive infection prefers a linear template. appears to be regulated by ICP0. ICP0 was first described as a promiscuous transactivator of viral gene expression (18) , which is required for efficient initiation of viral lytic infection (6, 19) and reactivation from latency (3) (4) (5) . ICP0 is an E3 ubiquitin ligase (20) (21) (22) , which induces degradation of cellular proteins associated with ND10 bodies or promyeolytic leukemia structures through the ubiquitin proteasome pathway (23, 24). HSV-1 genomes appear to localize at these sites early in infection (25) (26) (27) . Although all of the functional activities of the ND10 bodies have yet to be resolved, it was shown recently that these foci appear to be sites of DNA doublestrand break repair (28) . Jackson and DeLuca (16) suggest that the ends of the HSV-1 linear genome could be treated as double-strand breaks, which could be repaired as circular genomes. Conversely, the expression of ICP0 very early during lytic infection would preclude this repair process, because the cellular repair proteins present in the ND10 bodies would be degraded through the ubiquitin proteasome pathway. Thus, circles would not be formed. It is also possible that circle formation results from homologous or nonhomologous recombination of the direct repeats in the genome termini. Nonhomologous end joining requires a DNA-dependent protein kinase that has also been shown to be degraded through the action of ICP0 (29, 30) . The finding that ICP0 appears to prevent the formation of circular molecules (16) may explain why replication of HSV-1 is greatly reduced in mutants defective in ICP0 at low multiplicities of infection (6, 19) . In the present study (16) , circular genomes accumulated early in infection then persisted during low multiplicity of infection with mutants defective in ICP0, whereas linear and concatemeric forms increased greatly in abundance, suggesting that linear molecules serve as better templates than circular genomes. In contrast, linear genomes did not persist in cells infected with a virus that was transcriptionally quiescent, whereas circular genomes were found to persist for Ͼ3 wk in these cells (16) . Importantly, viral genomes derived from trigeminal ganglia of latently infected animals or in quiescently infected neuronal cells in culture appear to be maintained in circular or concatenated forms (31) (32) (33) . Under the latter conditions, linear genomes were found to be unstable and subject to exonucleolytic degradation.
The study by Jackson and DeLuca (16) has tackled two aspects of HSV-1 biology that are far from being fully understood: the mechanism of HSV-1 genome replication and the role of ICP0 in latency. These authors have provided evidence that during productive infection, it is unlikely that there is a requirement for genome circularization. In fact, in this study, circular genomes were not detected during infection with wild-type replication-competent virus. Only under conditions in which ICP0 was not expressed were circular genomes found. These data, coupled with the fact that intermediates have not been detected in vivo or in vitro (15) , indicate that other models for HSV-1 DNA replication will have to be developed. Possibilities include recombination events that result in endless genomes. Second, Jackson and DeLuca (16) have shed more light on the possible role of ICP0 in latency by demonstrating that ICP0 regulates the formation of HSV-1 genome circles. Because circular forms persist in quiescently and latently infected cells, but the current findings suggest that circles are not the preferred template during lytic infection, the formation of circles may steer the infection toward latency. In neuronal cells, levels of ICP0 may be decreased, leading to the formation of circles, which in turn would lead to the establishment of the latent state. Again, further testing of this very intriguing model will be required.
In summary, the data presented by Jackson and DeLuca (16) have challenged the current models of HSV-1 DNA replication, while at the same time unfolding an elegant mechanism whereby the viral protein ICP0, which plays an essential role in latency, may act to shift infection from the productive lytic infection to the quiescent latent state.
